The controlled flow of water molecules at the nanoscale is an initial step to many fluidic processes in nanotechnology. Here we show how thin films of water can be drawn through a nanosyringe built from a carbon nanotube membrane and a "plunger". By increasing the speed of withdrawal of the plunger, we can obtain molecular transport through the membrane at flux rates exceeding 10 25 molecules cm -2 s -1
Introduction
The control of water transport using nanostructures is important for a vast array of technologies, 1 including drug delivery, fluid separation, and biological channels. Defect-free carbon structures are particularly promising for transport, since water can form a structured hydrogen-bond network inside nanopores [2] [3] [4] [5] that has only weak attraction to the carbon nanostructures, 6, 7 resulting in a large molecular flux with low flow friction. [8] [9] [10] The large fluxes have been attributed to the smoothness of the nanotube walls. 9 Carbon nanotube membranes (CNM) (with nanotube diameters between 1.3-2 11 and 3.5 nm 12 ) have been experimentally studied, and these materials achieved large mass transport fluxes by differences in chemical potential, pressure, or temperature to drive the flow of water across the membranes. Additionally, small deformations do not significantly affect flux, but any deformation beyond a critical amount will cause a reduction of flux. 13 Alternatively, mobile charges located outside the carbon nanotubes can induce an ordering of the water molecules along the nanotube channel facilitating the flow of water molecules; this can increase the magnitude of the flow by a factor 20.
14-16 Simulations of water transport through CNM driven by osmotic forces have shown high flow rates (5.8 water molecules per ns for each nanotube). 17 In this work, we examine a complementary approach, in which molecules are drawn across a membrane, rather than forced through tubes by pressure-induced flows. Specifically, we examine the possibility of controlling the flow of water through a nano-"syringe" consisting of a CNM and a surface acting as a plunger. In this approach, one expects the driving force is a vacuum effect provided by the nanosyringe, rather than the applied pressure. We find that we can achieve flux values as large or larger than those obtained via pressure driven flows.
14,17 Surprisingly, our results are independent of the waterplunger interactions, suggesting that the packing of molecules in a narrow film plays a more important role.
The paper is arranged as follows: In section 2 we described the membrane and nanosyringe molecular models and the methodology employed in this work. Section 3 contains the results for the simulations of water flow through carbon nanotube membranes and the flow control using nanosyringes with hydrophilic and hydrophobic plungers. The conclusions of this work are presented in section 4.
Models and Computational Protocol
The membrane we study consists of two graphene sheets connected by a (6,6) carbon nanotube. This choice of the nanotube chirality makes it possible to form a continuous and smooth surface junction between the end of the nanotube and the graphene sheet ( Figure 1a) . The nanotube length is 1.96 nm; the effective radius of the nanotube is 0.244 nm (after subtracting the atomic core exclusion size), resulting in an effective cross-sectional area of 0.187 nm 2 for the transport of water molecules. The syringe plunger consists of either a hydrophobic graphene sheet (Figure 1b) or a hydrophilic hydroxylated silica (HS) surface (Figure 1e ) at one side of the nanotube. We use periodic boundary conditions in the directions perpendicular to the nanotube, so the system may be considered a membrane of regularly ordered nanotubes. For the graphene plunger, the sheet has dimensions 2.13 × 1.97 nm, resulting in a density n ) 0.2381 nm -2 of nanotubes in the periodic array. The HS plunger has dimensions 2.58 × 1.97 nm, yielding n ) 0.1968 nm -2 . The density in this case is slightly smaller than the density of the hydrophobic system because the HS molecular structure dictates that the size nearest to that of the graphene membrane that can be simulated using periodic conditions is slightly larger than the graphene membrane. We carry out all molecular dynamics simulations at ambient temperature 298.15 K.
We use the molecular dynamics methodology 18 to simulate the flow of water molecules through nanosyringes using carbon nanotube membranes. We integrate the equations of motion using the Gear fourth-order predictor-corrector algorithm with a time step of 1 fs and control the temperature using the Gaussian isokinetic thermostat 19, 20 and the Evans-Murad qua- ternion formalism. 21 We prefer to simulate the system at constant temperature rather than constant energy, since the nanostructures that form the nanosyringes are rigid, and they dissipate heat and momentum as in real systems.
We employ the TIP5P force field to simulate water molecules, which uses spherical cutoffs for Lennard-Jones and Coulombic interactions (9 Å). 22 Carbon atoms in the carbon nanotube membrane and the graphene wall are rigid in our simulations, and the Lennard-Jones parameters have been used to predict successfully the packing structures in graphite and fullerenes C 60 and C 70 . 23 We simulate the water-nanotube and watergraphene interactions using the Lorentz-Berthelot mixing rules. The water-carbon interactions play an important role in the water filling and flow through CNM, 7 and the correct potential for the interactions is not known. If we decrease the strength of the water-carbon interaction, the capacity of water molecules to fill and flow through the CNM decreases. There are other phenomena that may also play an important role in the water transport. For example, carbon atoms near the end of the nanotube, forming the junction with the graphene sheet are generally more stressed than carbon atoms near the axial center of the nanotubes, and have stronger interactions with the water molecules. 6, 24 Electric fields produces polarization effects on the carbon atoms and water molecules, affecting both ways the filling and flow processes. [24] [25] [26] [27] These are important issues to consider as the potential models become more sophisticated and computationally tractable.
Atoms in the hydroxylated silica wall are also rigid and interact with water molecules through Coulombic and LennardJones oxygen (silica)-oxygen (water) interactions.
28, 29 We simulate rigid nanostructures (carbon nanotube membrane and plunger walls) to speed up the long runs of simulations (∼70 ns) needed in the studied phenomena. We restrict the movement of the atoms in the graphene and HS walls to only displace in the axial direction at constant velocity to mimic the plunger movement in the syringe effect.
The initial conformation of water molecules (25 molecules) consists of a cubic cell near one end and outside the carbon nanotube membrane. We obtain the initial conformation of a wider system by reproducing the initial conformation of the system (25 molecules) along the axis parallel to the carbon nanotube. The cubic cell is periodic in 2 dimensions along the perpendicular direction to the carbon nanotube. We consider systems with 25-275 water molecules. Once some of the molecules flow to the chamber of the nanosyringe, we add water molecules outside the carbon nanotube membrane to simulate wider systems.
Results
Before we attempt draw water through the nanotube using a nano syringe, we first simulate thin water films of increasing width near the CNM without a plunger surface to check if some molecules spontaneously flow trough the CNM, which will be important for starting the syringe. Although carbon is traditionally considered hydrophobic, the water films wet the CNM surface near the nanotube and spontaneously penetrate the CNM (Figure 1a ). The amount of nanotube filling depends on the thickness of the water film. For film widths up to one complete monolayer of water molecules, the channel of the CNM fills completely with water and remains filled over an entire simulation (50 ns). In these extremely thin films, the network of hydrogen bonds is not fully developed, which facilitates the penetration of water molecules into the CNM. As we increase the width of the film outside the CNM, water molecules intermittently penetrate and retract from the nanotube interior. The duration of time that molecules spend in the tube is nearly independent of the film thickness; the interval between successive fillings grows as the thickness increases. In these thicker films, the network of hydrogen bonds is more developed, making it more difficult for a small number of molecules to separate from the film and penetrate the nanotube, consistent with the increased intermittency of the filling. This intermittency indicates that thermal fluctuations play a significant role. In other words, thermal fluctuations enable the penetration of water molecules into the CNM, but the stronger network of hydrogen bonds pulls molecules back to the film, preventing a permanent filling. As a result, it will be extremely rare for thermal fluctuations to transfer all water molecules to the other side of the CNM for thicker films. Indeed, we did not observe any water molecules that flow to the opposite side of the membrane. Accordingly, some driving force is required to cause molecules to flow through the tube, which can be provided by the plunger of our syringe.
We promote the flow of water molecules to the other side of the CNM by placing a graphene wall on the initially unfilled side of the CNM. The graphene sheet is parallel to the CNM at a fixed distance of 0.68 nm (Figure 1b ). This width is just large enough to accommodate a single monolayer of water molecules. Although graphene is normally considered hydrophobic, water molecules move into the chamber due to the van der Waals attractions.
With the graphene sheet in place, molecules from the monolayer of water on the free side of the membrane begin to traverse the nanotube and fill the plunger chamber after roughly 10 ns (Figure 2) . The molecules form a monolayer inside the chamber with a density of F c ) 0.81 g/cm 3 (with standard deviation 0.03 g/cm 3 ). Most of the water molecules in this monolayer are oriented parallel to the graphene surface ( Figure  3) , forming a weak bond network. We calculate the density using the free van der Waals space inside the chamber (which takes into account that the surface atoms occupy a finite volume determined from their van der Waals radii). At ≈21.8 ns, with 11 or 12 water molecules inside the chamber, the flow of molecules increases dramatically ( Figure 2) ; Figure 1b shows pictorially the filling at this stage. The filling proceeds at a nearly constant flux of 22.52 × 10 24 molecules cm -2 s -1 (Figure 2  inset) . Curiously, this flux value is several orders of magnitude larger than that reported for experiments using CNM with wider nanotubes with external driving flow pressure. 11, 12 However, Thomas and McGaughey showed that the flow rate has an inverse dependence with the nanotube diameter for systems under external pressure. 10 Thus the observation of a larger flux for our system than that of wider nanotubes is not surprising. Additionally, the flux we observe is of the same order of magnitude found in simulations of pressure-driven water flow through similar diameter nanotubes at the same temperature. 30 Water molecules flow through the CNM forming a singlefile water chain, 16 and due to the small diameter of the nanotube, no water molecules flow in the opposite direction during the computation of the fluxes. Therefore, the flux values we report in this work also represent the net flux values. Compared to simulations of flow driven by osmotic forces, 17 the net flux values for the spontaneous filling of the chamber in this work are 7 times higher than the spontaneous process driven by osmotic forces, suggesting that the vacuum inside the chamber provides a larger driving force than the osmotic forces. The flow of individual water molecules is not ballistic; instead the transfer of a water molecule through the CNM occurs by a sequence of small forward and backward movements (Figure 2 inset ). An animation of this process can be seen in the Supporting Information, and suggests that some type of correlated random walk might be appropriate to describe the motion. Considering all molecules that traverse the tube, we find net speeds ranging from 4 to 22 nm/ns.
We also test the behavior of thicker films, which only intermittently fill the tube in the absence of the graphene sheet. Over the period of 50 ns of simulation time, we find that for films with widths up to 3 monolayers, water molecules will flow across the CNM into the chamber. For thicker films with a welldeveloped hydrogen bond network, we do not observe filling of the chamber over the same period of time; simulations over a longer duration may also eventually show filling of the chamber for thick films. To accelerate the filling of these thick films, we can start from a thin film where the chamber is already filled spontaneously, and add more molecules to the open side of the CNM. One might expect the water-water attractions to pull molecules from the filled chamber, but when we add additional water molecules on the free side, the number of water molecules inside the chamber actually slightly increases ( Figure  1c) . Figure 2 reflects this change as a small increase in the number of molecules inside the chamber at 50 ns, which also slightly increases the density of the monolayer inside the chamber (Figure 1c) . As we add more water molecules on the free side of the CNM, we find that the density of the monolayer Figure 2 ) but before adding more molecules outside the CNM (<50 ns in Figure 2 ). inside the chamber grows to an asymptotic value F c ) 0.87 g/cm 3 ( Figure 4 ). Since molecules are attracted to the graphene chamber, we should be able to "pull" molecules through the CNM by moving the wall, creating our nanosyringe. We start the simulation from a configuration with a filled chamber (Figure 1c ). For simplicity, we move the wall at a constant velocity V w . Figure 2 shows an example where we move the graphene wall at fixed V w ) 0.25 nm/ns starting at 65.8 ns. This produces an immediate influx of the remaining water molecules from the water film on the free side of the CNM to the chamber, until the chamber fully fills (Figure 1d ). At V w ) 0.25 nm/ns, the transfer of molecules occurs at an almost constant rate for ∼5.2 ns, resulting in a nearly constant flux of 15.62 × 10 24 molecules cm -2 s -1 . This result demonstrates the possibility to use a syringe-like effect to transfer water through the CNM. An animation of this process can also be seen in the Supporting Information. Since no water molecules flow in the opposite direction, the flux also represents the net flux. Compared to the simulations of a "nano-pump" driven by mobile external charges, 14 the net flux values for the nanosyringe are ∼3 times higher than the maximum net flux achieved by the pump. The higher net fluxes are probably due to coherent effect of the plunger; specifically, the plunger directly pulls water molecules inside the CNM in the axial direction, while the mobile charges pull the molecules indirectly, generating forces in the both the axial and radial directions.
Below some threshold of V w , moving the wall results in the complete transfer of molecules across the CNM. Naturally, there must be some maximal rate at which molecules can be transferred across the CNM. Accordingly, we examine a range of values for V w to find the limiting flux across the CNM. In this case, we calculate the mean flux J from the time needed for all molecules not initially in the chamber to traverse the CNM; we show the dependence of J on V w in Figure 5a . For V w e 0.25 nm/ns, we observe the formation of a homogeneous liquid in the chamber with a final density F c ) 0.78 gr/cm 3 . While the surface is being moved, the transient value of F c can be as low as 0.6 gr/cm 3 ( Figure 6 ). For values of V w > 0.25 nm/ns, the graphene wall separates from the liquid in the chamber after 2 ns, resulting in a large cavity. Due to the initial impulse that the graphene wall provides to the liquid, the liquid continues flowing and completely passes through the CNM. However, the break of the fluid results in a flux that is significantly smaller than the maximum flux we obtain at V w ) 0.25 nm/ns. At higher velocities, separation occurs more rapidly, and as a result, the wall does not provide enough impulse to the liquid for it to traverse the membrane; in some cases, the water may even flow back to the free side of the CNM. These results clearly indicate that there is a critical value for V w for the maximal flux, above which reliable transfer of water will not occur. It is interesting to note that, once the water molecules penetrate the chamber, they generate a strong pressure on the plunger, on the order of GPa (Figure 7) . In principle, this pressure could move the plunger by itself, allowing more water molecules to cross the CNM. Once all the water molecules flow through the CNM, the pressure in the plunger drops to zero, because the liquid inside the chamber remains near the end of the CNM.
Given the success with a hydrophobic surface, one might expect that the syringe will be more effective if we use a hydrophilic surface as plunger. Therefore, we also simulate the behavior of the nanosyringe mechanism using a wall made of HS (Figure 1e) . We again use a separation of 0.68 nm between the centers of the carbon atoms in the inner wall of the CNM and the center of the hydrogen atoms of the HS to allow for an initial film of water to form before moving the surface. For this system, we also allow the chamber to prefill before moving the plunger, following the same protocol used for the graphene surface; similarly, water molecules will spontaneously fill the chamber for thin films. Although we use the same separation between the membrane and plunger used for the graphene wall system, the water molecules form two water layers inside the chamber due to strong attraction to the hydroxyl groups tethered to the silica (Figure 8 ). The water layer near the hydrophilic wall (HS) shows a smaller density because water molecules bind strongly to the hydroxyl end groups of the HS surface, and these OH groups have a larger separation (≈0.5 nm) than preferred by the water molecules. Accordingly, the molecules pack more densely away from the wall. Similar result were found in molecular simulations of liquid water near graphite and HS surfaces. 31 To determine if molecules can be more rapidly transferred across the CNM with the hydrophilic surface, we test the dependence of J on V w (Figure 5a) . Curiously, the maximum V w we can achieve using the HS wall without breaking the water film in the chamber is identical to the maximum V w for the hydrophobic graphene wall. However, the hydrophilic system reaches larger fluxes than the hydrophobic system for the same V w . At velocities above the threshold breaking speed, the water molecules do not continue flowing, or the molecules simply stop, and sometimes retract to the free side the CNM, just as in the graphene case.
Due to the different nanotube densities per unit area of CNM, we can make a more appropriate comparison by plotting the flux rates as a function of the rate of volume increase dV/dt inside the chamber as we move the wall at constant V w ( Figure  5b ). Using dV/dt on the abscissa, the fluxes for both systems collapse to a master curve. Hence, both systems exhibit the same behavior; the apparent flux for HS in terms of the V w is only due to the smaller density of carbon nanotubes per unit area of CNM. In other words, we find the unexpected result that the nature of the surface chemistry of the plunger plays no apparent role in the flux of water through the syringe.
In order to understand the independence of the flux results on the nature of the plunger, we analyze the structural properties of the initial layers formed inside the chamber. Figure 9 shows the radial distribution function (rdf) g | (r) in the plane of the wall for oxygen-oxygen water pairs. The rdf is the probability to find an oxygen atom at a distance, r, away from another oxygen atom, in the plane parallel to the CNM wall. For the system with the graphene wall, we calculate g | (r) for the central 0.1 nm of the chamber; for the system with the HS wall, we calculate g | (r) for the water layer nearest the CNM. Relative to g | (r) for bulk liquid water, we find that the first neighbor peak increases in amplitude, while the second neighbor peak at 0.45 nm nearly shifts to near 0.5 nm. The change in the second neighbor peak location indicates the loss of tetrahedral order, which is not surprising given the confinement of the film. These structural changes are similar to those reported in the literature for a bilayer of water between graphene plates separated by 1.1 nm. In the bilayer system, the structural effects are less pronounced at the same density and temperature. 32, 33 More significant is the fact that g | (r) for the hydrophobic and hydrophilic walls are nearly identical, the only difference being that the hydrophilic system has a smaller first neighbor peak than that of the hydrophobic system. Accordingly, the first layer near the CNM in the hydrophilic system can be considered nearly the same as a monolayer between two hydrophobic walls. Therefore, taking in consideration the structural similarity of the water in the chamber for the two systems, it is not surprising that the chemical composition of the plunger has a negligible effect on the flux results. In other words, the structure of the water in the chamber is dominated by packing constraints in the narrow region, rather than the surface interactions. As a result, the water-water interactions, which are the limiting factor for the breaking of homogeneous fluid in the syringe, are nearly the same for either type of plunger surface.
Conclusions
The controlled flow of water films using nanosyringes made of thin carbon nanotubes shows a promising future. The mechanism we investigated show the potential to move water films using plunger velocities up to about 0.25 nm/ns, giving rise to flux rates on the order of mol cm -2 s -1
. Most unexpected is the observation that the chemical composition of the plunger does not play a major role in the flux rates. This appears to be due to the packing constraints of the water in the narrow chamber. As a result the water-water interactions play a dominant role, rather than water-surface interactions. We also note that thin films of water molecules flow spontaneously into the chamber of the nanosyringe at fluxes higher than the fluxes obtained moving the hydrophobic or hydrophilic walls; this spontaneous flux appears to be an upper limit on the flux rates for the syringe. The feasibility of the nanosyringe device will depend on the control over the positioning of the plunger wall near the end of the carbon nanotube membrane. The advances in positioning devices for atomic force microscopy applications in the nanoscale should make such a device achievable. The nanosyringe device could find applications in processes that require precise control of the flow of fluids, such as micro-(MEMS) and nanoelectromechanical systems (NEMS), with specific applications in drug delivery, nano fluid separations, and dynamics.
